Remarks 

Further and favorable reconsideration is respectfully requested in view of the 
foregoing amendments and following remarks. 

Interview Summary 

Initially, Applicants express their appreciation for the courtesy of a personal 
interview granted to their attomey by Examiner Hoffmann on August 25, 2005, the 
results of which are summarized in the Interview Summary Form. 

During the interview, Applicants' attomey noted that there is an error at page 3, 
line 2 of the Response filed April 20, 2005, which states that the magnetic susceptibility 
of alumina is about -4x10^ emu/cm^ referring to a Nature publication. The correct 
magnetic susceptibility of alumina is about -4x10"^ emu/cm^, as shown by the attached 
copy of Rao et al., Current Science, No. 3, March 1953, pages 72-73. The previously 
cited Nature publication is irrelevant. 

One of the exhibits shown to the Examiner during the interview was a table of 
magnetic susceptibilities (discussed below), which shows magnetic susceptibilities in 
units of cm mol' and emu mol" , which Applicants' attomey indicated were equivalent 
units. The Examiner requested proof of the equivalence of these units. This will be 
discussed below. 

The Examiner also requested proof of the statement in the paragraph bridging 
pages 2 and 3 of the Response filed April 20, 2005. 

Applicants' attomey presented a proposal for amending claim 1, which the 
Examiner suggested be modified to use appropriate Markush language. Amended claim 
1 as set forth above includes the Examiner's suggested changes. 

Amendments 

Claim 1 has been amended to incorporate the subject matter of claim 3, while 
deleting reference to the non-ferromagnetic powder having a not cubic system crystal 
structure. As a result, claims 2 and 3 have been cancelled, and claims 12 and 13 have 
been amended to delete the term "non-ferromagnetic". 
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Applicants respectfully submit that these amendments should be entered even 
though they are being submitted after a final rejection, since the effect of the amendments 
is to place claim 3 in independent form. Since the Examiner has already examined claim 
3, entry of the amendments should not require any further consideration and/or search of 
the prior art. 

Response to Rejections 

The patentability of the presently claimed invention over the disclosures of the 
references relied upon by the Examiner in rejecting the claims v^ill be apparent upon 
consideration of the following remarks. 

Initially, the rejection of claim 1 under 35 U.S.C. § 102(b) as being anticipated by 
Topchiashvili et al., as well as the rejection of claim 13 under 35 U.S.C. §103(a) as being 
unpatentable over this reference, have been rendered moot in view of the claim 
amendments, since claim 3, which is not subject to either of these rejections, has been 
incorporated into claim 1 . 

The rejection of claim 3 under 35 U.S.C. § 103(a) as being unpatentable over 
Topchiashvili et al. in view of Wei et al., as well as the rejection of this claim imder 35 
U.S.C. § 103(a) as being unpatentable over Topchiaschvili et al. in view of Takagi et al., 
are respectfully traversed. 

In the prior Office Action, to which the Examiner refers in the current Office 
Action, the Examiner acknowledges that Topchiaschvili et al. do not disclose the 
ceramics of claim 3 but states that it is clear from column 7, lines 17-29 that the method 
encompasses materials other than the specific ceramics disclosed. But this disclosure at 
column 7, lines 17-29 of Topchiaschvili et al. does not include any suggestion to those of 
ordinary skill in the art of any particular ceramics which could be used in place of the 
YBa2Cu307.x or Bi2Sr2Ca2Cu30io ceramics of Topchiaschvili et al. Rather, the disclosure 
at column 7, lines 17-29 represents language typically inserted into patent applications by 
the patent drafter in an attempt to obtain as broad as possible coverage for the patent 
claims. This disclosure certainly would not suggest to the art-skilled that any other 
particular ceramics could be used in the Topchiaschvili et al. method. 
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The Wei et al. and Takagi et al. references both disclose sintered alumina 
particles. However, neither of these references has any mention whatsoever of treating 
the alumina particles in a magnetic field. Nevertheless, the Examiner takes the position 
that it would be obvious to apply the Topchiaschvili et al. process to alumina, for the 
advantages of the alumina products or to solve the known alumina problem. However, 
Applicants respectfully submit that one of ordinary skill in the art would not be motivated 
to do as the Examiner suggests, because the ceramics of Topchiaschvili et al. (e.g. 
YBa2Cu307-x) are treated in a magnetic field for orientation of the ceramic particles 
according to the reference, which is only possible because the Topchiaschvili et al. 
ceramics have magnetic susceptibilities which render them susceptible to magnetic 
orientation, whereas the alumina ceramics of Wei et al. and Takagi et al. have 
magnetic susceptibilities which do not render them susceptible to magnetic 
orientation. 

Applicants firmly believe that it is unforeseen that the powders recited in 
amended claim 1 can be oriented in a magnetic field because it has been thought that the 
magnetic susceptibility of these powders can be disregarded in general. 

The attached table, presented to the Examiner during the interview, shows the 
magnetic susceptibility of materials in amended claim 1 . [Applicants could not find a 
report of the magnetic susceptibility of aluminum nitride and hydroxyapatite.] This 
means that the magnetic susceptibility of these materials can be disregarded, and that 
there would have been no interest in the magnetic characteristics of these materials. As 
to a composite mixture, Applicants think that they need not show the magnetic 
susceptibility of a composite mixture since each material of the mixture is able to be 
oriented (rotated) by the magnetic field. 

The attached table of magnetic susceptibilities refers to the CRC Handbook of 
Chemistry and Physics, and Physical Review B 39, 6594-6599 as references for the 
magnetic susceptibilities of the materials recited in the table. Copies of these references 
are enclosed. 

The attached table has magnetic susceptibilities in units of cm'^mol'* as well as 
units of emu mol"*. During the interview, Applicants' attorney indicated that these units 
are equivalent to each other, and the Examiner requested proof of this. Such proof is 
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submitted herewith, as a copy of "CHRONOLOGICAL SCIENTIFIC for 2005", pages 
412-413, together with an English translation thereof. 

It is apparent from the attached table that the magnetic susceptibility of the 
ceramic of Topchiaschvili et al. is about 100 times greater than the magnetic 
susceptibility of the ceramics used in the presently claimed invention, in view of which 
Applicants respectfully submit that one of ordinary skill in the art would not attempt to 
orient the ceramic particles of the present invention in a magnetic field to achieve 
magnetic orientation as in Topchiaschvili et al. 

Also in support of this argument, Applicants note that it is an incontrovertible fact 
that the alumina of the Wei et al. and Takagi et al. references is recognized as a 
nonmagnetic material, as illustrated by, for example, U.S. Patent Application Publication 
No. 20050083606, and can be used as a nonmagnetic material in various fields. Thus, 
paragraph [0013] of the US '606 publication refers to "... a normiagnetic material such 
as alumina . . .." 

For these reasons, Applicants take the position that one of ordinary skill in the art 
would not combine the references in the maimer suggested by the Examiner, i.e. by 
treating the alumina of Wei et al. or Takagi et al. for magnetic orientation according to 
the process of Topchiashvili et al., because the art-skilled would not expect, with any 
reasonable degree of certainty, that the relatively much lower magnetic susceptibility of 
alumina renders it susceptible to magnetic orientation. This is especially true considering 
the use of alumina as a nonmagnetic material in various fields. 

The rejection of claims 1-3 and 12-13 under 35 U.S.C. §103(a) as being 
unpatentable over Morita et al. is respectfully traversed. 

The Examiner takes the position that this reference discloses the use of colloidal 
alumina and using magnetic fields to form oriented ceramics. 

However, the magnetic fields in this reference are not applied to the alumina, but 
rather, are applied to strontium ferrite or barium ferrite, which would of course be 
susceptible to orientation in a magnetic field. There is no disclosure in the reference 
that the alumina is susceptible to orientation in a magnetic field. This is apparent 
from comparison of Examples 1 and 2 in the reference which use alumina powder and no 
magnetic field, with Example 3 in the reference which uses strontium ferrite powder with 
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application of a magnetic field. As indicated above, those of ordinary skill in the art 
would not expect that alumina could be oriented in a magnetic field because it has been 
used in nonmagnetic applications in various fields, and has such a low magnetic 
susceptibility that the art-skilled would not expect that it could oriented in a magnetic 
field. 

The Response to Arguments section of the Office Action is considered to be moot 
since it applies to the Topchiashvili et al. reference and claim 1, which has now been 
amended to incorporate the subject matter of claim 3. The last paragraph on page 5 of the 
Office Action indicates that the rejection based on Morita et al. is based on the alumina in 
this reference. But as indicated above, the reference does not disclose or suggest that 
alumina is or can be treated in a magnetic field to orient the alumina particles. Rather, 
the magnetic field is applied only to the strontium ferrite powder or barium ferrite 
powder. 

For these reasons. Applicants take the position that the presently claimed 
invention is clearly patentable over the applied references. 

Therefore, in view of the foregoing amendments and remarks, it is submitted that 
each of the grounds of rejection set forth by the Examiner has been overcome, and that 
the application is in condition for allowance. Such allowance is solicited. 



Respectfully submitted, 
Torn SUZUKI et al. 




Registration No. 25,134 
Attorney for Applicants 

MRD/pth 

Washington, D.C. 20006-1021 
Telephone (202) 721-8200 
Facsimile (202) 721-8250 
October 31, 2005 
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Table Magnetic susceptibilities 



Material 


Magnetic susceptibilities 


Reference 


AI2O3 


-37x10 ® cm^ mol'^ 


CRC Handbook of Chemistry 
and Physics 


TiOz 


5.9 X 10'® cm^ mol"" 


Zr02 


-13.8 X 10 ® cm^ mol"' 


ZnO 


-27.2 X 10 ® cm^ mol"' 


Sn02 


-41 X 10 ® cm^ mol"^ 


YBa2Cu307.x 


3,5'^6,2 X 10"^ emu mbr^ 
(dependence on the X) 


Physical Review B 39, 6594- 
6599 



BEST AVAILABLEXQE^ 
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Letters to the Editor 



th3 force constants m^,. Moo, Xx\ like mole- 

cules. From a discussion of the "dispersive and 
repulsive energies of molecular interaction, it 
can be shown that 

. «ijr„« = 2 (« ^t^^^^T^r^ (IiTOVTi + Ii) (3) 
M:* = 'a*.iM2i)* . 2 . (ril«)i/l I, -h It) (4) 
Xii - {ri,/:nir2a)*/92 (rilO*Ali+It) (5) 

where I^, I2 are the ionization potentials. These 
equations show that the' assumptions ^12 = 
(eu ejs)* and Txt =- (ri -i- r^ll hitherto made 
by workers in this field have no theoretical jus- 
tification. Tables I and II show that our equa- 
Table I 



Gas pair 



1 cr *N c 
o 



— 9* ^ A 



2 cr M 



H2-N2 

H2~02 

H2-A 
H2-CO 

He-A 



• 46-53 51-42 e3-£6 

• £9-81 5C-b9 60.67 

• £6-41 £8-21 r4-47 

• f2.t;2 50*28 57-55 

• IC-CS 27-04 27-45 



?-rr9 3'r95 3 -."34 
3-U4 3-IC8 3-206 
3-r41 r.2r8 3-196 
3-r(4 3-?45 3-?07 
S-041 3-049 3-0C2 



Table II 



Gas 
pair 


;ii2XlOSO 


erg. cm.* 


Xi2Xl0^o< 


erg. cm.^ ^ 


Expt. 


(Eqn. 4)" 


Expt. 


(Eqn. &) 


H2-N2 


35.4 


?9a 


4-91 


6-43 




?4-8 


36-5 


3-C9 


3-77 


Ho-A 


35-8 


37-0 


4-15 


4-S8 


H3-CO 


41-4 


40-0 


5-99 


5-80 


He-A 


11-6 


11-7 


0-91 


0-S9 



— — WQ. IT AM.* M.&^ — 

perimentally determined values than the hither- 
to assumed empirical relations. 

Using these force constanls thus obtained 
from tharmal diffusion and equation (3), the 
transsport coefficients of certain binary gas mix- 
tures have been calculated. It has been found 
that the agreement between theory and expari- 
ment iis qui.e satisfactory, thereby p oving the 
correctness of tha force constants determined 
by us. 

Detailed reports are bzing published else- 
where. - ; 



Dept, of Physics, 
Lucknow Universiiy, 
January 19, 1953. 



B. N. Srivastava. 
M. P. Mad AN. 



!• Chapman, S., and Cowling, T. G., TA^ Mathemati' 
€ai Theory of Non-llnifjrm Gases (Cambridge University 
Press, 1939). 2. Grejr, K. E., and Ibbs, T. L. 
Thtrmal Iptifusicn in Gasds (Cambridge University 
prc^s,19C5). 



V Current 
L Science 

MAGNETIC STUDY OF SOME FORMS 
OF CORUNDUM 

CoRu^rouM (an oxide of aluminium, AI0O3) is 
known as white sapphire in its pure' form. 
Admixture of small quantities of chromic oxide 
imparts a beautiful red colour and the specim -n 
is then well known in g':immology as ruby. 
Since CroOg is isomorphous with AI0O3. chro- 
mium may be assumed to take the" p'ace of 
a.uminiimi in the crystal Similarly the blue 
colour of sapphire is due to the presence of 
titamum in the form of TiFeOg. 

The invention of the Verneuil fiurnace in 1904 
has made the production of large quan ities of 
transparent synthetic corimdum possible.i 
S3veral physical properties of these specimens 
very closely resemble those of the correspond- 
mg natural stones. A magnetic study of syn- 
thetic and natural forms of ruby and white 
sapphire was undertaken from iiiis point of 
view. 

The principal magnetic susceptibilities were 
studied by Krishnan's critical torsion method 3 
The mean specific susceptibihties were obtained 
with the Curie balance, a-corimdum crystallizes 
m the rhombohedral division of the hexagonal 
system.4 The rhombohedral axis is also the 
optic axis of the crystal. The values of the 
specific susceptibility paraUel and perpendictdar 
to this axis are tabulated belov/.* 



Synthetic mhy 
Synthetic white 

sapphire 
Natural ruby f 



+ 0-41 
-0-21 

-0-15 



— 0*25 
"0-20 



0-03 
0-04 

0-05 



The values of the anisotropy were foimd to 
be nearly equaL The principal susceptibiUUes 
of natural sapphire could not be determined 
smce crystals of suitable size were not avaH- 
able. The magnetic iJroper.ies of a-corundum 
are found to be similar to those of calcite, 
which IS also a negative crystal and which crys- 
tallizes in the same division. The principal sus- 
ceptibilities of the O3 group (the centres of the 
oxygens being at the vertices of an equilat^al 
triangle of side 2-3 A) are found to te -29-1 
(normal to the plane) and - 34-2 ('n the plane) 
per gram molecule of alumina. The anisotropy 
IS of the same order of magnitude as the values 
obtamed with CO3 and NO3 grotips.s 

The results obtained with several specimens 
show-d chat the mean specific susceptibilities cf 
syn hetic and natural white sapphire (— 0-22 
wd - 0-35) were <?los^ to th^ v^^e pf — Q.^Te 
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March 1953] 

obtained by adding the ionic contributions. On 
the other hand, synthetic ruby was strongly 
paramagnetic (nearly 0-40) whUe the speci- 
mens of natural ruby of nearly the same red 
colour, were all diamagnetic (—0-16). These 
results are in complete accord with the results 
of chemical analysis that in synthetic ruby, 
there is far greater percentage of chromic oxide 
than in the natural stones.^ Our calculations 
give 0-82 par cent, in synthetic ruby and 0-27 
per cent, in the best available natural speci- 
mens. 

Full details will ba published in the Journal 
of the University of Mysore. 
Central Collage, S. Ramachakdra Rao. 

Bangalore, M. Leela. 

February 17, 1953. 



Letters to the Editor 



♦ All X values are given in 10~° unit. 

t From tbe ri;hness of colour these were the best 
stoiies available with the jewellers. 

1. Herbert Smith. Gemrtonts, 1950, p. 276. 2. Ibid., 
p. 184. 3. Krlshnan and Banerjse, PkiL Trans. Roy. Soc, 
1935, 234, 2C7; see also (5). ZO. 4. WyckoS. T^e 
Structure of Cysta/s, A.C.S. Monographs ^ 1931, 254. 
5, Nil akantan, StuMes in Cry Hal Magnstism^ Thesis, 
Madras, p, 44. 



CONDUCTOMETRIC ESTIMATION OF 
CERIUM IN DILUTE CEROUS CHLORIDE 
AS OXALATE 

For the quantitative estimation of the rare 
earths as oxalate, the acidity of the solution re- 
quires careful adjustment.^ Further, the rare- 
earth oxalates, e-g., that of cerium, are not 
completely insoluble even in tha presence of 
excess oxalic acid.2 In view of the success of 
the conductometric method of estimation, as 
oxalatas of Ca, Ag, Cu, Co, Ni, etc.,3»4 it was 
of interest to extend the method to cerium and 
other rare earths. 

Conductometric titration of 10-0, 5-0 and 
3-3 X 10-4 M. cerous chloride (Merck's gua- 
rantaed extra pure), against 0*01 M. ammonium 
oxalate and oxalic acid (Analar samples), was 
carried out at 30dbO*05''C. in a F^ex con- 
ductivity cell with platinum electrodes using a 
Pjre's modified Post Office Box of dial resistance 
type. Air-frae conductivity water was employ- 
ed for preparing the vaarious solutions. The re- 
sults obtained are represented in the graph 
where the conductivity, corrected for dilution, 
is plotted against the volume of titrant added. 

It is seen from the table that the conducto- 
nietric method of estimation as oxalate, is ap- 
plicable to cerium in cerous chloride, in dilute 



solution. This method is more advantageous 
than the ordinary chemical methods since in 




5 JO J5 20 

Volume of Titrant Ccc) for tS^JV 
TABIiE 

CondvJitometric '&s1^raaVion of Cerium in Dilute 
Cerous Chloride as Oxalate 
CeClg taken in the cell — 100 c.c. 
Temp. 30 ± 0-05" C. 



o 



Eg* U 



I 2 Q> U 

b S 
o 



j2 
O 



r\ o 



X 

o 

t 
o 



10-0 


15-00 


15-0 


15-00 


15-0 


5-0 


7-50 


7.5 


7-50 


7-6 


3-3 


6-00 


5-0 


6-00 


5-0 



large dilution the latter fail.^ The CeClj — 
(NH4)2 C2O4 curves exhibit two breaks in 
every case, when Ce3+ : C2O4- : : 2 : 1 and 2 : 3 
respectively. This might result from two-stage 
ionisation of cerous chloride, viz., 

CeCls ^ CeCl2+ + Gl" 

CeCl2+ ^ Ces+ + 2 Cl" 
The reactions occurring on gradual addition of 
ammonium oxalate to ceroua -chloride woiild l>e : 
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MAGNETIC SUSCEPTIBILITY OF THE ELEMENTS AND INORGANIC COMPOUNDS 

When a material is placed in a magnetic field -ff, a magnetization (magnetic mom^ per xaait vol\mie) -Wis induced in the material which is related 
toff^y M~ Kff, where k is called the volume susceptibility. Since^and 3/ have the same dimensions, k is dimensionless. A more useful parameter 
is the molar susceptibility 3ti , defined by 

vfherG Vjj^ is the molar volume of the substance, 3/ the molar mass, and p the mass density. When the cgs system is used, the customary units for Xm 
are cm^ mol**; the corresponding SI units are m^ mpl'^ 

Substances that have no unpaired electron orbital or spin angular momentum generally have negative values ofXm^^ called diamagnetic. Their 
molar susceptibilily varies only slightly with temperature. Substances with unpaired electrons, which are termed paramagnetic, have positive 'Xm 
show a much stronger temperature dependence, varying roughly as XfT, The net susceptibility of a paraindgnetic substance is the sum of the 
paramagnetic and diainagnetic contributions, but Ae fonner ahnost always 

This table gives values of Xm for the elernents and selected inorgaiiic compounds. All values refer to nominal room ten^erature (285 to 300 K) 
unless otherwise indicated. When the physical state (s ^ solid, 1 - liquid; g ~ gas, aq ~ aqueous solution) is not given, the most common crystalline 
form is undfkstood. An entry of Fetro. indicates a ferromagnetic substance. 

Substances are arranged in alphabetical order by tiie most common name, except that compounds such as hydrides, oxides, and acids are grouped 
witibi the parent element (the same ordermg used in ^ table Physical Constants of Xnorganic Compounds ). 

in keeping with customary practice, the molar susc^tibility is given here in units ^propriate to ^ cgs system. These values should be multiplied 
by An to obtain values for use in SI equations (where the magnetic tield strength £[ has units of A m'^), 
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Name 

Aluminum . 
Alumimwn trifluoride 

Aluminum sulfate 
Ammonia (g) 
Ammonia (aq) 
Ammonium acetate 
Ammonium bromide 
Ammonium carbonate 
Ainmonium chlorate 
Ammonium chloride 
Ainmonium fluoride 
Ammonium iodate 
Ammonium iodide 
Ammoniiim nitrate 
Ammonium sulfate 
Ammonium thiocyanate 
Antimony 
Stibine(g) 

Antimony(Iir) bromide 
Antimony(III) chloride 
Antimony(ni) fluoride 
Antimony(in) iodide 
Antimony(III) oxide 
AntimonyCm) sulfide 
Antimony(V) chloride 
Argon (g) 
Arsenic (gray) 



Formala 




Name: 


Formnla 


Xm/10^ cm3 


Al 


+16.5 


Arsenic (yellow) 


As 


. -23.2 


AIF3 


-13.9 


Arsine(g) 


ASH3 


-35.2 




-37 


Arsenic(III) bromide 


AsBr3 


-106 


Al2(S04>3 


. -93 


Arsenic(III) chloride 


AsQs 


-72.5 


NH3 


-16.3 


Arsenic(III) iodide 


Asis 


-142,2 




-18.3 


Arsenic(III) oxide 


A&2O3 


-30.34 


NH4C2H3O2 


-41.1 


AFsemc(ni) sulfide 


A52S3 


-70 


NHjBr 


r47 


Barium 


Ba 


- +20.6 




r42.5 


Barium bromide 


BaBr2 


-92 


NH4ab3 


-42.1 


Barium bromide dihydrate 


BaBr2-2H20 


-119.3 


NH4a = 


-36.7 


Bariimi carbonate 


BaC03 


-58.9 


NH4F 


-23 


Bari\jim chloride 


Baa2 


-72.6 


NHJ03 


-6Z3 


Barium chloride dihydrate 


Baa2-2H20 


^100 


NHJ 


-66 


Barium fluoride 


BaFj 


-51 


NH4NO3 


r33 


Barium hydroxide 


Ba(OH)2 


-53.2 


(NH4)2S04 


-67 


Barium iodate 


Ba(I03)2 


-122.5 


NHiSCN 


-48.1 


Barium iodide 


Bal2 


-124.4 


Sb 


-99 


Barium iodide dihydrate 


Bal2-2H20 


-163 . 


SbHa 


-34.6 


Barium nitrate 


Ba(N03)2 


-66.5 


SbBrs 


-111.4 


B arium oxide 


BaO 


-29,1 


SbGla 


-86.7 


Barium peroxide 


BaOj 


-*0.6 


SbFa 


-46 


Barium sulfate 


BaS04 


-65.8 


Sblj. 


-147.2 


Beryliium 


Be 


-9.0 




-69.4 


Beryllium chloride 


BeCl2 


-26.5 


SbjSj 


-86 


Beryllium hydroxide 


Be(OH)2 


-23.1 


SbCl5 


-120.5 


Beryllium oxide 


BeO 


-11.9 


At 


-19.32 


Beryllium sulfate 


BeS04 


. -37 , 


As 


-5.6 


Bisinuth 


Bi 


-280.1 
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MAGNETIC SUSCiEPTIBILITTOr THE ELEMENTS AND INORGANIC COMPOUNDS (continued) 



Name- 



Formula 



Strontiuin peroxide 


SrOj 




StrcMitium sulfate 


SrS04 




Sulfur (rhombic) 


S 


ICC 

-15.5 


Sulfur (monoclinic) 


s. 


-14.9 


Sulfuric acid'G) 


H2S04 


-39 : 


Sulfur dioxide (g) 


S02 


-18,2 • 


Sulfur tridxidfi Q) 


S03 


-28.54 


Sulfur chloride (1) 


SSdz 


-62.2 


Sulfur dichloride (1) 


SQi 


-49,4 ; 


Sulfur hexafluoride (g) 


SF6"- ■ 


-44 . ■ 


Thionyl chloride 0) 


3OCI2'- 


AA 1 

-44 .3 - 


Tantalum 


Ta 


+154 


TantalumCV) chloride 


TaGlj 


+14U 


Tantalum(V) oxide 


Ta205 


-32 


Technetium 


Tc 


+115 


Tellurium 


Te 


-35 


Tellurium dibromide 


TeBr2 


-lOo 


Tellurium dichloride 


Tea2* 


-94 


Tellurium hexafluoride (g) 


TeFfi 


-00 


Terbium (a) 


Tb* 


+17(Kaa) 


Terbium oxide 


TbjOj 


. +78340 


Thalliiun 


Tl . - 


-50 ' 


ThalHumCI) bromate 


TlBrOa 


-75.9 


Tba]]ium(I) bromide 


HBr 


-63.9 


Tballium(I)- carbonate 


TI2G03 


^ -ior.6 


ThaUium(I) chlorate 


11003 


t65.5 


ThaBiimiCI) chloride 


na / 


'-57.8 


ThalliumCI) chromate 


Tl2Cr04 


■39.3 


Thallium(D cyanide 


TICN 


- ; -49 


ThalliumCr) fluoride 


TIF 


* -44.4 


ThalliumGD iodate 


TIIO3 


-86.8 
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Tungsten(V) chloride 
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WClfi 
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U 
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Uranium(III) chloride 
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Uranium(IV) fluoride 
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UO2 
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UraniumCVI) fluoride 


UFe 
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Vanadium 


V 


+285 • 
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Vanadium(V) oxide 
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Water (s. 273 K) 
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Water (1, 373 K) 
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Xe • 
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Ytterbium (P) 


Yb 


+67 
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Y 
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Yttrium oxide 


Y2O3 


■ +44.4 • 


Yttrium sulfide 
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Zinc 


■Zn ■ 
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-34 
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2Snc cyanide . 
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.-46 
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^2 


-34.3 


Ziioc hydroxide. 


Zn(OH)2 


-67 


Zinc iodide 
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> -108 


. ^.Zinc^xide.^, -.j.prTg> 






Zi^ phosphate 


Zn3(P04)2 
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Zinc sulfate 
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-47.8 - 


Zinc sulfate inonohydrate 
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^3 . 


Zinc sulfate heptahydrate 


ZaiS04-7H20 


-138 


21inc sulfide 
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-25 • 
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-26 
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. ^-77 
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YBajCujOe+x is known to undergo a transition from a magnetic semiconductor to a metallic 
high -temperature superconductor as the oxygen content is increased from the range 0.0<jc<0.5 
to 0.5^ jc< 1.0. We report here detailed temperature-dependent magnetic-susceptibility studies 
for X in the composition range 0.0 < jc ^ 1 .0. For 0.05 < x ^ 0.5, the effective moment peff de- 
creases with decreasing temperature from 300-160 K, as expected for an antiferromagnct whose 
Neel temperature is above room temperature. Below 160 K, /ieir increases, reaching a maximum 
at —40 K then decreases again. The magnitude of this low -temperature peak in /leir increases 
with X, reaches a maximum at jc=0.35, then decreases toward zero. A Monte Carlo simulation 
method has been used to model the three-dimensional antiferromagnetic ordering of this system 
as a function of oxygen composition. The calculation reveals the presence of spin frustration as x 
increases from 0 through to 0.3 in accord with the increasing number of effective moments at low 
temperatures. Above x'^O.'i a new long-range order (corresponding to a doubling of the magnet- 
ic unit cell perpendicular to the planes) is predicted to occur in agreement with the observed mag- 
netic susceptibility and recent neutron-diffraction experiments of Kadowaki et al. [Phys. Rev. B 
37, 7932 (1988)1 and Lynn et al. (Phys, Rev. Lett. 60, 2781 (1988)). Above x-0.5, relatively 
few localized moments are observed in the temperature-dependent susceptibility measurement. In 
the metallic regime the *'PauIi susceptibility" is observed to increase approximately linearly with 
oxygen content. This is in accord with decreasing effects of antiferromagnetic correlation with in- 
creasing X. 



L INTRODUCTION 

The discovery of superconductivity in layered cuprates 
has stimulated intensive experimental and theoretical 
study of these and related materials. In the YBa2- 
Cm^O^+x system there is an evolution from an antifer- 
romagnetically ordered semiconductor for x < 0.5 to a su- 
perconducting nonmagnetically ordered system for 
x^0.5.^~^ For YBajCuaOe+x with jc— 0 the magnetic 
structure consists of a simple antiparallel arrangement of 
Cu spins both within the Cu-O planes as well as along the 
tetragonal c axis, while the oxygen-deficient Cu planes 
possess no net moment/*? In this system the three- 
dimensional ordering temperature is high, with 7Vi 
—450-500 K,^~^ suggesting the presence of large ex- 
change interaction energies. Because of the large separa- 
tion and resulting anisotropic interactions between the 
two-dimensional planes containing the Cu spins, two- 
dimensional magnetic correlations should persist within 
these planes above Tjv\- With increasing x, Ttvi decreases 
until no magnetic ordering is observed for x — 0.4-0.5. 
Recent neutron-diffraction studies of YBa2Cu306+x by 
Kadowaki et al.^^^^ show that for x«0.35 there is a 
change in the antiferromagnetic sequencing alone the c 
axis at K, while for x =«0.2 Sato et al.^^^ have 

not observed any change in the antiferromagnetic 



sequencing down to 5 K. Neutron diff'raction studies of 
NdBa2Cu306+x show that changes in antiferromagnetic 
sequencing are more prominent in this system (perhaps 
due to greater interaction of the Nd 4/ electrons with the 
surrounding lattice^). The magnetic orderings of the 
1:2:3 systems are of particular interest because of sugges- 
tions that the magnetic interactions are responsible for the 
high-temperature superconducting pairing in these sys- 
tems. 

We report here the results of an extensive study of the 
temperature (D dependence of the susceptibility (x^ 
YBa2Cu306+x for 0.0<x<1.0. For x— 0, x^^T) is in 
agreement with simple antiferromagnetic sequencing of 
the spins with Tyvi ^ 320 K. though there is a small in- 
crease in X at low T, With increasing x this excess suscep- 
tibility is more pronounced, reaching a maximum for 
X — 0.37, and decreasing substantially as x approaches 
0.5. The r-dependent effective moment /ieff I^PMb* 
where p = 2.83(;t7') for x in emu/mole YBa2Cu306+x 
and T in degrees Kelvin] increases with T at lower tem- 
peratures reaching a maximum at —40 K. The magni- 
tude of /icff with increasing x to — O.S/ia for x **0.37 is in 
good agreement with the reported values of 0,7 pis and 
7^2^40 K obtained from neutron diffraction.* 

We have performed Monte Carlo calculations of the 
effects of oxygen doping, which add? spins located at 

©1989 The American Physical Society 
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formerly spinless Cu sites on the oxygen-deficient Cu 
planes. Frustration thereby introduced into the three- 
dimensional antiferromagnetic ordering leads to both ex- 
cess Pcff at low temperatures and a reordering of the 
three-dimensional magnetic lattice. The eflFective moment 
determined from the Monte Carlo calculations increases, 
then decreases with x similar to the experimental observa- 
tions. Magnetic susceptibility measurements of samples 
in the metallic regime, show only a modest in- 

crease in X at low T, A composition-dependent Pauli sus- 
ceptibility is observed, increasing approximiately linearly 
with X, in contrast to early reports by Cava et al. " This 
increasing ;ir is consistent with decreasing local antifer- 
romagnetic correlations with increasing x. 

II. EXPERIMENTAL TECHNIQUES 

Powders of YBa2Cu306+x where x varies from 0 to 1 
were prepared as described previously.^** To summarize 
briefly, samples of variable oxygen content were prepared 
under conditions of both low-temperature vacuum anneal- 
ing and rapid quenching. Unless otherwise indicated, 
the susceptibility data reported here are for the rapidly 
quenched samples. In this procedure, pressed but unsin- 
tered pellets of —500 mg are equilibrated for 2 h in flow- 
ing air, nitrogen, or oxygen, at temperatures where the 
equilibrium oxygen content is known. These temperatures 
range from 900 **C for x<0.25 to 450 '^C for x — 0.93. 
Samples were then quenched by direct immersion in liquid 
N2. Oxygen contents were subsequently measured by 
thermal gravimetric analysis and shown to correspond 
with the values expected for equilibrium at the temi>era- 
ture from which the sample was quenched. The samples 
were determined to be single phase by x-ray diffraction 
and neutron diffraction. In particular, no magnetic Ba- 
Cu02 was evident from structural studies. 

7*he magnetic susceptibility was measured on two previ- 
ously described^' Faraday susceptometers for tempera- 
tures of 2< r < 320 K and magnetic fields up to 75 kG. 
The magnetic susceptibility data presented here have been 
corrected for core diamagnetism using —12, —32, —15, 
and — 12x10"^ emu per elemental mole of Y. Ba, Cu, 
and O, respectively.^^ 



III. EXPERIMENTAL RESULTS 

The magnetic susceptibility of YBaaCusOe+x as a func- 
tion of temperature and oxygen content is summarized in 
Figs. 1 and 2 for oxygen content in the ranges of 
0.05<x<0.5, and 0.5^ x< 1.0, respectively. Overall, 
the data are quite similar to the results of Johnston et al. ^ 
For samples of composition x"»1.0, the susceptibility is 
nearly temperature independent with the presence of a 
small increase at low temperatures. Analysis of the 
YBa2Cu307 sample data in terms of 

X-^Xo+Co/iT-B) (1) 
gives a very good fit with ;to=2.84x 10 ~^ emu/mole Cuj. 
We plot in the inset to Fig. 2 — ;to) ~ * vs T for this sam- 
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FIG. 1. Temperature-dependent magnetic susceptibility of 
YBa2Cu306+* for 0.0 < x < 0.5. The data have been corrected 
for core diamagnetism. 



pie. The fit for Co"=*2.14x 10 ~^ emuK/mole and e*'* 19. 1 
K suggests that the increase in the susceptibility at low 
temperature is due to the presence of 1.9x 10~^ spin per 
Cu which may correspond to a magnetic impurity phase 
with a ferromagnetic 0 — 19 K as has been suggested in 
other work.^^ For compositions of smaller x a similar 
analysis is no longer appropriate. Use of Eq. (1) yields 0 
values other than 19 K for samples with 0.5<x<0.8, 
and xo terms no longer T independent. Hence, its applica- 
tion in this range of x is questionable, and the true behav- 
ior may be considerably more complex. For example, 
changing the annealing time at 625 **C from 2 to 12 h 
gave a sample with the same oxygen stoichiometry, 
x —0.65, the same value of xoy but a Curie constant (Co) 
smaller by a factor of two. It is unlikely that these sam- 
ples could contain sufliciently difl'erent impurity concen- 
trations to rationalize this observation. Both YBa2Cu3- 
06.65 and BaCu02, the most likely impurity phase, should 
be stable and noninterconyerting under these condi- 
tions. In addition, nuclear quadrupole resonance 
(NQR) *^Cu studies as a function of decreasing oxygen 
content beginning with YBa2Cu307 suggest the presence 
of various Cu environments within the "metallic" sam- 
ple." 

The semiconducting magnetic phase has a substantial 
increase in susceptibility as the temperature is decreased. 
Though it is tempting to attribute this rise as entirely due 
to impurities,^ the systematic variation in the magnitude 
of the low-temperature susceptibility, combined with the 
absence of evidence for a magnetic impurity phase in the 
x-ray- and neutron-diffraction data supports the intrinsic, 
nature of this phenomenon. The experimental suscepti- 
bility measured at 20 kG is presented as effective 
[pexpi«2.83(;i:7')*^^ for x in emu/mol YBazCujOfi+xl 
versus T in Fig. 3. The p^^^^ has a maximum value at 
T— 40 K. As oxygen content is increased (.x~Xo^ from 
x-^0, p"P* at 40 K increases, reaches a maximum for 
X — 3.5, then decreases (Fig. 4). 

It is instructive to examine the room temperature sus- 
ceptibility as a function of composition (Fig. 5). Qualita- 
tively, the susceptibility appears to increase linearly with 
jc, though for x > 0.5 the susceptibility is nearly constant 
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FIG. 2. Temperature-dependent magnetic susceptibility of YBa2Cu306+^ for 0.5 1.00. The data have been corrected for 

core diamagnetism. Inset: ~";to) ~ ' vs 7" for x 1 .0 (sec text). 



until X exceeds 0.8 (Fig. 6). An nuclear magnetic reso- 
nance (NMR) *^Cu study of the 300-K susceptibility as a 
function of composition for identically prepared samples 
confirm these results. 



IV. DISCUSSION 

The magnetic properties of YBa2Cu306+jc for 0 < x 
<0.5 can be understood by considering the spin frustra- 
tion in the system. The unit cell consists of three layers of 
Cu sites, labeled in Fig. 7. For x *»0.0, neutron scattering 
experiments show that for the top iA^A') and bottom 
(CO layers all Cu sites are magnetic, while for the oxy- 
gen deficient central Cu iS^B') layer the Cu sites are non- 
magnetic, consistent with no holes in the system for this 
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FIG. 3. Effective moment vs T for YBa2Cu306+* and 
0.0 < X < 0.5. 



value of x,^ Within each magnetic layer (y4,y4',C,C'), 
magnetic Cu sites are coupled two dimensionally by 
strong antiferromagnetic superexchange J which is the 
origin of the strong two-dimensional (2D) correlation 
similar to that seen in La2Cu04. 

The scattering experiments further indicate that along 
the c axis, the top layer of one unit cell (^'), and the bot- 
tom layer of the next unit cell (C) are coupled antifer- 
romagnetically through the Y sites, presumably by a 
direct exchange Ji between Cu^**", since the O ions are 



0.8 



0.7 



0.6- 



0.5 - 




FIG- 4. Effective moment at 40 K vs x for YBa2Cu306+x and 
0.0 < X < 0.5. 
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FIG. 5. Magnetic susceptibility at 300 K of YBajCusOe+x vs 
xfor 0.0 <x < 1.0. 



missing around the Y sites. Within a unit cell, the top 
iA} and bottom (C) layers are coupled via the intervening 
O-deficient Cu layers Cff). For x— 0.0, when the Cu site 
oh the central iB) plane is nonmagnetic, the A and C lay- 
ers couple to each other antiferromagnetically (as indicat- 
ed by the neutron scattering for x^O.O sample) through a 
weak superexchange J 2 via 0^~, nonmagnetic Cu, and a 
second 0^~. This is type-I magnetic ordering below or- 
dering temperature T/vi- However, when a Cu site on the 
B layer is magnetic, it couples to both the A and the C lay- 
ers with a superexchange ^3 analogous to the one in the 
a-b plane, hence larger than the antiferromagnetic su- 
perexchange Jj between the A and C layers just described. 
This is equivalent to coupling the A and C layers fer- 
romagnetically. Thus whether the local coupling between 
the A and C layers within a unit cell is effective ferromag- 
netic (FM) or antiferromagnetic (AFM) is determined by 
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FIG. 6. Magnetic susceptibility at 300 K of YBa2Cu306+x vs 
X for 0.5 <x < 1.0. 



FIG- 7. Lattice structure of YBa2Cu306+x showing Cu and 
Y sites. The figure shows O locations (solid lines) for x — 0. For 
finite X, O atoms fill in sites between Cu in B and B* planes. 



whether the B layer Cu site is magnetic or not. This com- 
peting FM and AFM coupling due to the interactions J2 
and /3 is the origin of fnistration in the system. At x — 0 
the coupling of A and C is solely AFM (as long as no spins 
exist on the B layer), while as x increases the FM coupling 
increases producing frustration and a corresponding de- 
crease in the Neel temperature. 

There is not yet a consensus on how the oxidation states 
on the /4, B^ and C layers evolve with x.^^ Within our 
model, the spin concentration on each layer is determined 
by the number of holes produced by oxygen doping and 
their distribution among the Aj B, and C layers, 
Neutron-diffraction experiments indicate that there is an 
increase in the rate of addition of holes on the A and C 
layers per oxygen dopant as x increases beyond 0.4,^^ 
However, for simplicity we have used a linear variation of 
hole concentration on the A^ B, and C layers with increas- 
ing X. 

Monte Carlo simulations, based on this model of the 
couplings and oxygen valence evolution, have been carried 
out. The details are reported in Ref. 27. In the present 
case, we consider inainly the Ising model, since we have 
obtained qualitatively similar results in the x-y and 
Heisenberg versions of the model. The Ising model, plus 
the neglect of quantum fluctuations, overestimates the de- 
gree of 2D magnetic order within the A and C layers, and 
requires larger values of /|, Jz* and J 3 ( "0.2, 0.1, and 0.4 
in units of /) than expected from exchange integrals and 
experiment, but does not change the nature of the frustra- 
tion introduced by oxygen doping. The values of the /'s 
were chosen so that, for hole concentrations of 40%, 20%, 
and 40% on the A, B, and C layers, respectively, T/^ goes 
to zero near x™0.5 and the predominate stable phase for 
small X is type I rather than type 11.^^ Here we will give 
the following interpretation of the measured magnetic sus • 
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ceptibilities, using the results of simulations. For x close 
to 0.0. the A and C layers are strongly ordered within the 
a-b plane and are coupled to each other antiferromagneti- 
cally, because most of the Cu sites on the central B layer 
are Cu * and nonmagnetic. This ordering throughout the 
entire lattice gives the broad antiferromagnetic peak for 
the susceptibility of the 0 materials above 300 K.^ At 
this point the small number of magnetic Cu^"*" on the cen- 
tral B layers are totally frustrated and behave like free 
spins, resulting in a small increase in susceptibility at low 
temperature: As x increases, filling in O vacancies on the 
B layer, more Cu sites on the B layer have spin, introduc- 
ing frustration into the system. A new magnetic phase 
(type II) develops below 7';v2. in which a finite moment 
appears on the B layer, inducing parallel ordering of the A 
and C layer spins. This doubling of the antiferromagnetic 
unit cell competes with the type-I order and the resulting 
frustration lowers both TVi and Tsi- As x approaches 0.4 
to 0.5, large numbers of holes enter the Cu A and C 
planes, associated with the metal -insulator transition, re- 
ducing the magnetic ordering within the plane and rapidly 
driving T/vt and Ti^2 to zero.*'^' Thus, as x increases 
from 0.0 to 0.5, the contribution to the susceptibility of 
the AFM-ordered A and C layers becomes weaker and 
finally disappears, while the number of "free spins" on the 
B layer increases up to x— 0.3, resulting in an initial in- 
crease in the low temperature As x continues to in- 
crease beyond x— 0.3, the A- and C-layer antiferromag- 
netic order becomes weaker, and some spins on the B- 
layer order with the A and C layers, reducing the number 
of "free spins,'* and thus, the paramagnetic increase at 
low temperature. 

Figure 8 presents the ^-dependent susceptibility of the 
Ising model as a function of oxygen content. There is an 
initial drop of the Neel temperature with increasing oxy- 
gen content arising from frustration introduced by spins 
on the 5-layer Cu sites. As x approaches 0.4, the second 
antiferromagnetic phase (type II) appears involving or- 
dered spins on the chains. For x'"0.5 the antiferromag- 
netic transitions have broadened and disappeared. The re- 
sults for x-y Heisenberg models show a similar evolution 
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FIG. 8. Monte Carlo simulation of magnetic susceptibility 
per spin for Ising model representing YBa^CusOe+x. The tem- 
perature is in units of the in plane AF exchange J and x is in 
units of /ii/J. 




FIG. 9. Effective Curie constant obtained from Ising, x-y, 
and Heisenberg models for the frustrated spin lattice together 
with experimental Curie constant obtained at 40 K. 

as a function of x with the disappearance of long-range 
order occurring at somewhat lower x. 

The low temperature effective Curie constant goes 
through a maximum in the vicinity of x^O.3 as x in- 
creases frorn 0,0 to 0.5. Figure 9 shows the results of the 
Monte Carlo calculations in the Ising x^y and Heisenberg 
limits together with comparison to experimental results 
obtained at 40 K.^' The maximum value of p*"**^ at 40 K 
is also in agreement with the effective moment associated 
with new magnetic order occurring at 40 K as detected by 
neutron diffraction, * 

The variation of the measured susceptibility ^(300 K) 
with X for X > 0.5 is in contrast with the earlier reported 
resulU of Cava et aL [Note that ;t(300 K) from Eq. (1), 
differs from xo by only a small Curie contribution at 
r""300 K.) We have not observed the sharply increased 
X at 0.8>rx^0.6 reported in Ref. 19 in either the 
quenched or vacuum-annealed samples. Fbr example, two 
samples of x""0.5 prepared by quenching and annealing 
respectively show ;t(300 K) values that differ by less than 
5%. In light of the increasing metallic nature of the 
YBa2Cu306+x with increasing x, it is suggested that an 
increase in xo for x > 0.8 may be related to a reduction in 
the antiferromagnetic correlations with increasing x. It is 
noted that a constant value of ;t:o for 0.55 < x < 0.74 cor- 
responds to a regime of constant « 55 K, while the re- 
gime of increasing x(^ 0.75) corresponds to the transi- 
tion to the stoichiometry range that gives the highest TV 
« 90-95 K. 

V, SUMMARY 

The teniperature-dependent magnetic susceptibility of 
YBa2Cu306+x varies smoothly with increasing x as the 
system varies from antiferromagnetic semiconductor to 
superconducting metal. For x<0.5 the susceptibility 
shows a concentration-dependent maximum in the ef- 
fective moment at 40 K. This phenomenon is associated 
with the role of spin frustration and the onset of a second 
antiferromagnetic ordering at 40 K. The variation of 
magnetic susceptibility with temperature and composition 
in the metallic phase is suggestive of a reduced role for 
spin correlation with increasing x and an increase in sus- 
ceptibility for highest TV- 
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MAGNETIC CHARACTERISTICS 



The quantity which represent the intensity of the magnetization of the substance is 
either the magnetic moment per unit volume M (unit: A/m) or Pm = HoM (unit: Wb/m^ or T). 
These are respectively called magnetization intensity and magnetic polarization. In some 
cases, Pm is called magnetization intensity and is represented by M, The relation of these 
magnetization intensity with the two vector quantity representing a magnetic field, i.e., B 
(magnetic flux density, unit: Wb/m^ or T) and H (magnetic field intensity, unit: A/m), is 
expressed asS=|ao(if + Af)-|4ofl' + Pm- According to the CGS electromagnetic unit 
system used in the field of magnetics (see "Physics 5"), the relation of B and H with 
magnetization intensity Mcgs is shown as B = H 4n Mcgs- Though the unit of these 
quantitys is same [cm'^^^g^^^s"^], they are respectively called G (gauss), Oe (oersted) and G 
(gauss). For converting into MKSA units, 1 G regarding magnetic flux density corresponds 
to 10"^ T, 1 Oe regarding magnetic field corresponding to 10V47i (79.577 to 80) A/m, and 1 G 
regarding magnetization corresponds to 10^ A/m of M or 47c x 10"^ T of Pm- 

In common use, the intensity of the magnetization is often expressed as magnetic 
moment per unit mass (Ig) ag (= Mcgs/ (density in the CGS unit system)) or magnetic 
moment per mol cTmoi in the CGS electromagnetic unit system. The units of these quantity 
are often shown as G/g, emu/g, or G/mol, emu/mol. 

In diamagnetic or paramagnetic substances, M is proportional to H unless H is 

extremely strong. The proportionality constant, % = M/H - Pm/\xoH, is called magnetic 

susceptibility or susceptibility (or it may be called relative susceptibility if the magnetization 

intensity is shown by Pm)- The value of susceptibility in the CGS unit system xcgs = 

1 
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McGs/H is (l/4n) times x in the SI system. Practically, susceptibility per g or mol, XcGs,g = 
(7g/// or xcGs,.moi = <ymo\/H is often used. Units for these quantities are cmVg and cmVmol 
respectively, but they are often replaced with emu/g and emu/mol. In many paramagnetic 
substances, susceptibility is changes depending on the temperatures and the behavior follows 
the Curie-Weiss' law, i.e., xcGs,moi = Cmoi/ (T-0p). Cmoi and 0p are called Curie Constant and 
Asymptotic Curie Temperature respectively. On the other hand, the susceptibility of metal 
paramagnetic and diamagnetic substances is usually almost independent of temperatures. 

In ferromagnetic substances, their magnetization M shows hysteresis and therefore M 
or B depends on not only the intensity of H but also how H was applied before. The 
condition of hysteresis is expressed by M-H magnetization curves indicating the relationship 
of M and H, or B-H magnetization curves indicating the relationship of B and H. The 
condition wherein Af = 0 at = 0 is called the demagnetization state, and a magnetization 
curve for increasing magnetic fields from this demagnetization state is called an initial 
magnetization curve. Initial magnetic permeability is l/|Lio-times the inclination of B-H 
initial magnetization curve in the vicinity of its origin, and is written as [in, while the 
maximum magnetic permeability is l/|Jo-times the inclination of a tangential line drawn from 
origin to the B-H magnetization curve, and is written as ^imax. If the magnetic field increase, 
the intensity of magnetization comes close to a certain saturation magnetization Ms. Every 
ferromagnetic substance includes many divided sub-areas generally called magnetic domains, 
and in each magnetic domain, atoms' magnetic moment is aligned in a fixed direction. The 
intensity of magnetization caused by this phenomenon is called spontaneous magnetization. 
Practically, saturation magnetization is equal to spontaneous magnetization. The intensity of 
spontaneous magnetization is a quantity inherent in the substances, which reduces with 
temperature rise and becomes zero above the Curie Temperature Tc. This Tc is different 
from 0p in both concept and actual value. 

If applied magnetic field to a ferromagnetic substance is made to go and return in the 

range that exceed a positive and negative values of a magnetic field necessary for saturating 

the magnetization of the ferromagnetic substance, i.e. saturation magnetization field, the 

magnetization curve obtained will become closed curve. It is called a large hysteresis loop. 

2 
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In the application of a ferromagnetic substance, the large hysteresis loop of B-H 
magnetization curves is important. If the magnetic field is reduced after saturating the 
magnetization of a ferromagnetic substance, the magnetization changes via routes different 
from when the magnetic field is increased, and has finite magnetic flux density Br (it may be 
called finite magnetization Mr) even after the magnetic field became zero. This Br is called 
residual magnetic flux density and the Mr is called residual magnetization. Further if the 
magnetic field is increased in the reverse direction, the magnetic flux density becomes zero 
when H = - bHc^ This bHc is called coercive force. (Coercive force is sometimes defined, 
using the magnetic field mHc where magnetization becomes zero on the M-H magnetization 
curve). If the magnetic field strength in the reverse direction is more increased, it is finally 
saturated. Further when the direction of magnetic field strength change is here reversed 
again, (B, H) or (M, H) exhibiting the state of the ferromagnetic substance will make a round 
along the large hysteresis loop. The area W^^ = jHdB (or (l/47r)(^HdB intheCGS 
electromagnetic unit system) surrounded by the large hysteresis loop of B-H magnetization 
curves represents the energy lost due to magnetic loss per AC magnetization cycle in the unit 
volume of a ferromagnetic substance. This is called a hysteresis loss. The B-H 
magnetization curves, and Br, bHc (or mHc), Wh, \in, ^imax, etc. that characterize the B-H 
magnetization curves are special characteristics varying according to substances. They can 
seriously change by additives, thermal treatments, processing, etc. Tables V and VI give 
examples of their typical values. It is generally desirable that Br and bHc are large in 
permanent magnet materials, and that and p,niax are large, and bHc and Wh are small, in the 
materials with high magnetic permeability used as the magnetic cores of transformers, etc. 
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